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A lattice-matched InyGa1−yAszP1−z/ InwGa1−wAsvP1−v/ InxGa1−xAs asymmetric step quantum well
infrared photodetector grown by low-pressure metalorganic vapor phase epitaxy(MOVPE) using N2
carrier with tertiarybutylarsine(TBA) and tertiarybutylphosphine(TBP) is reported. The spectral
responsivity of the detector has its peak at a wavelength of 10.7µm with a peak responsivity of 0.19
A/W under 0.8 V bias at 25 K. A maximum peak detectivity of 1.93109 cm Hz1/2/W was achieved
under 0.6 V bias at 25 K. The measured activation energy using thermionic emission of carriers is
found to be about 81 meV. This work demonstrates the fabrication of InP based quantum well
infrared detectors using MOVPE with TBA and TBP sources with performance comparable to that
achieved using molecular beam epitaxy. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1810203]
I. INTRODUCTION
Vast research efforts on long-wavelength GaAs/AlGaAs
quantum well infrared photodetectors(QWIP) using inter-
subband transitions in quantum wells(QWs) have promoted
the QWIP technology to maturity. Due to the success of ex-
tensive exploration of the AlGaAs/GaAs system over the
past decades, high-performance large QWIP arrays have
been realized and exploited in various applications. In addi-
tion, with the help of band gap engineering, detectors with
enhanced responsivity,1 broadband detection2 as well as mul-
ticolor detection3–5 have been demonstrated. In parallel to
these efforts, studies in material systems other than GaAs/
AlGaAs have also progressed motivated by concern regard-
ing the quality of AlGaAs barriers which affects the perfor-
mance of QWIPs. Carrier transport in AlGaAs barriers is
influenced by oxygen-related defects6 and undesired dopant
diffusion as a result of elevated growth temperatures.7 The
Al-free materials such as GaAs,8 GaInP,9,10 and InP,11 were
studied as potential barrier candidates, and in these material
systems, InGaAsP is of considerable interest due to the wide
range of band gaps achievable and the possibility of fabricat-
ing them on commercially important GaAs and InP sub-
strates. To date, the majority of QWIPs have been grown by
molecular beam epitaxy, primarily due to the ability of con-
trolling layer thickness accurately. However, the low-
pressure metalorganic vapor phase epitaxy(MOVPE) pro-
vides multiwafer capability with high throughput. This
motivated us to explore this technique for the fabrication of
Al-free QWIPs. In this paper, we present a long-wavelength
sl=10.7mmd lattice-matched InyGa1−yAszP1−z/
InwGa1−wAsvP1−v/ InxGa1-xAs ASQWIP grown on(001) InP
substrate by MOVPE. The step well structure provides an
opportunity to explore the effects of layers with multiple
compositions on the structural and optical properties. The N2
carrier with tertiarybutylarsine(TBA) and tertiarybutylphos-
phine (TBP) was adopted to avoid the use of group V hy-
drides.
II. STRUCTURE GROWTH AND DETECTOR
FABRICATION
The QWIP structure used in this study was grown on a
semi-insulating InP(100) substrate in a low-pressure hori-
zontal AIXTRON-200 MOVPE reactor using N2 carrier with
TBA and TBP. Infrared heat lamps were used to heat the
substrate during the growth. The precursors used in the
growth were TBA, TBP, trimethylindium(TMIn), and tri-
methylgallium (TMGa). The n-type doping of the quantum
wells was achieved using SiH4. The reactor pressure during
growth was set at 100 mbar. Before the growth of the QWIP
structure, a 0.1µm thick InP buffer layer was grown on the
substrate at a temperature of 630 °C. The QWIP structure
consists of 30 periods of step quantum wells and barriers
sandwiched between two 0.5µm thick InP layers doped with
Si to 131018 cm−3 for ohmic contacts. The step quantum
well is designed to be latticed-matched to the InP substrate
and consists of a 25 Å thick In0.53Ga0.47As well doped with
Si to 131018 cm−3, a 44 Å thick undoped
sInPd0.55sIn0.53Ga0.47Asd0.45 step, and a 300 Å thick
sInPd0.85sIn0.53Ga0.47Asd0.15 barrier. The V/III ratios used in
the growth of InP, InGaAs, and InGaAsP step and barrier
epilayers are 38, 23, 42, and 68, respectively. The TMIn/
Group III ratios for the InGaAs well, InGaAsP step and bar-
rier are 0.584, 0.831, and 0.906, respectively. The TBP/
Group V ratio for the InGaAsP well and barrier layers are
0.952 and 0.984. Figure 1 shows the schematic energy band
diagram of the ASQWIP structure where the layer thick-
nesses have been adjusted according to the individual epil-
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ayer growth rates in situ monitored by a Filmetrics F30 thin-
film measurement system and the periodicity of the QW
structure derived from the x-ray rocking curve shown in Fig.
2. The high-resolution x-ray diffraction measurement was
carried out using a Philips X’Pert material research diffrac-
tometer and intense, sharp satellite peaks appeared in the
x-ray rocking curve as shown in Fig. 2, denoting good crys-
tal quality. The x-ray rocking curve indicates a slight lattice
mismatch along the growth axiss,0.11%d of quantum well
layers estimated from the angular separation between the
zero-order satellite peak and the substrate peak. From the
angular separation of the satellite peaks,12 the period of the
fabricated multiple quantum well structure is estimated to be
344 Å, which agrees reasonably well with the designed val-
ues of 369 Å.
To measure dark current and photocurrent characteris-
tics, mesa diodes of 1503150 mm2 were fabricated using
standard photolithography techniques and wet chemical etch-
ing. The top and bottom contacts were formed by evaporat-
ing NiGeAu/Ni/Au and rapid thermal annealing at 420 °C.
Finally a 45° facet on the substrate was polished for coupling
IR radiation to the quantum well structure. The spectral de-
pendence of the photoresponse was measured at low tem-
perature using an Oriel 6575 infrared source coupled by an
infrared lens to a Jobin Yvon Triax 320 monochromator. The
photon flux of the system was measured using a calibrated
Oriel 70124 pyroelectric detector. The photocurrent signal
from the ASQWIP sample was amplified before sending it to
the lock-in amplifier.
III. RESULTS AND DISCUSSION
To analyze the intersubband transition, the electron en-
ergy states and their corresponding envelope wave functions
in the quantum well were calculated using a transfer matrix
method within the framework of effective mass
approximation.13 The band gap energy of
sInPd1−zsIn0.53Ga0.47Asdz was calculated usingEg=1.4236s1
−zd+0.816z+0.13z2 sT=0 Kd, and the conduction band off-
set was taken as 43% of the total band offset.14 The electron
effective mass was taken asme
* =0.0795−0.0365z based on
Vegard’s law.15 The band nonparabolicity was also incorpo-
rated in the calculation similar to that described in
reference.16 Figure 1 shows the energies of the ground state
as well as the midpoints of the continuum minibands calcu-
lated using the above approach. The Fermi energy of the




* are the doping density, the well width,
and the electron effective mass in the quantum well, respec-
tively. The calculated oscillator strengths for the transitions
from the ground state to the first three minibands in the con-
tinuum are 0.22, 0.34, and 0.22.
Figure 3 shows the measured dark current versus the
applied bias voltage for a set of temperatures between 25 and
175 K, with the positive electrode placed on the top contact
layer. The dark current shows an asymmetric characteristic
for different bias polarities due to the asymmetric nature of
the step quantum wells. Under the dark condition, the mea-
sured current is mainly due to temperature-dependent ther-
mionic emission and field-assisted tunneling. The thermionic
emission current is dominant at high temperatures and in-
creases with rising temperature. The thermionic emission
current can be estimated by calculating the number of elec-
trons having energies larger than the barrier potential and has
the dependenceIsTd /T~exps−EA/kTd, where EA=H−E1
FIG. 1. Schematic energy band diagram of the ASQWIP structure. The
compositionz for sInPd1−zsIn0.53Ga0.47Asdz for each layer is given. The lines
above the barrier indicate the midpoints of the minibands and the numerical
values indicate the edges of the minibands.
FIG. 2. The x-ray rocking curve of the quantum well structure grown on InP
(001) substrate. The slight separation of the SL0 and substrate peaks indi-
cates the presence of small amount of stress in the quantum well layers. The
dashed curve shows the simulation.
FIG. 3. TheI-V characteristic as a function of bias voltage under a series of
temperatures from 25 K to 175 K.
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−EF is the activation energy andH is the barrier potential.
17
The activation energy can be extracted from the plot of the
normalized dark currentId/T versus 1/T at high tempera-
tures(above 80 K). Figure 4 shows the extracted activation
energies plotted in log scale as a function of bias voltage. It
can be seen from Fig. 4 that the activation energy decreases
exponentially with the increasing bias voltage, which is due
to the decrease of the effective barrier height under the ex-
ternal bias. The two lines for the different bias polarities have
different slopes due to the asymmetry of the quantum well
structure, but they merge when extrapolated to zero bias volt-
age, which gives an activation energy of 81 meV under the
flat band condition. This is in good agreement with the cal-
culated value of about 78 meV.
Figure 5 shows the spectral responsivity of the detector
under a set of bias voltages measured at 25 K. The respon-
sivity peak was found to be at about 10.7µm with 0.19 A/W
at 0.8 V bias. The responsivity spectrum has a linewidth
Dl /lp of about 15%, indicating the bound-to-continuum na-
ture of the transition.17 The calculated peak position is
around 11.6µm based on the intersubband transition from
the ground state to the second miniband in the continuum,
which has the highest oscillator strength. The difference be-
tween the measured and calculated peak position may be due
to experimental uncertainty in the actual layer thickness and
compositions. From the peak responsivityRp and the dark
current Id, the peak detectivity can be calculated usingDl
p
=RpÎA/ sin/ÎDfd, where A is the detector area,Df is the
bandwidth, andin is the noise current. The noise current can
be estimated usingin/ÎDf =Î4eIdg, whereId is the dark cur-
rent andg is the photoconductive gain which is estimated to
be about 0.5.18 The peak responsivity and detectivity versus
bias voltage are plotted in Fig. 6. A maximum detectivity of
1.93109 cm Hz1/2/W is achieved at a bias of 0.6 V.
By taking into account the activation energy of 81 meV
and the Fermi level of 13 meV, the actual position of the
ground state is 94 meV below the barrier edge. Since the
peak response occurs about 116 meV from the ground state,
the maximum responsivity corresponds to an energy state 22
meV above the barrier. Therefore, by optimizing the quan-
tum well structure, the activation energy for thermionic
emission can be raised by about 20 meV to make an appre-
ciable reduction of the dark current which can further en-
hance the detectivity. The drop of the peak detectivity for the
bias voltage beyond ±0.8 V is due to the rapid increase of
the dark current in the ASQWIP sample. The responsivity of
the ASQWIP versus bias shown in Fig. 6 also demonstrates
the asymmetric behavior, and the responsivity is relatively
large under the forward bias(i.e., the positive voltage applied
to top contact) compared to the reverse bias. This is most
likely due to the dependence of oscillator strength of inter-
subband transition in asymmetric quantum wells to the direc-
tion of the applied field.19 The forward field contributes
much more to the enhancement of the oscillator strength of
ASQWIP than the backward field does.20 Similar behavior
has also been observed in other material systems due to the
asymmetrical growth of different interfaces and dopant dif-
fusion along the growth direction.21
IV. SUMMARY
We have successfully grown a lattice-matched
InyGa1−yAszP1−z/ InwGa1−wAsvP1−v/ InxGa1−xAs asymmetric
quantum well infrared detector using low-pressure MOVPE
with TBA and TBP sources. The peak spectral responsivity
FIG. 4. The plot of activation energy estimated using thermionic current vs
bias voltage. Note that they axis is in log scale.
FIG. 5. The measured photocurrent responsivities as a function of wave-
length for a set of bias voltages.
FIG. 6. The peak responsivity and detectivity of the detector as a function of
bias voltage.
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of the detector was about 0.19 A/W at 0.8 V bias with an
operating temperature of 25 K. The measured peak detectiv-
ity was about 1.93109 cm Hz1/2/W under a bias voltage of
0.6 V. The analysis on the activation energy and the intersub-
band transitions indicates the possibility of improving detec-
tor performance by further reducing the dark current by mov-
ing the excited miniband closer to the barrier edge. This
demonstrates MOVPE using TBA and TBP sources as a vi-
able technique for the growth of Al-free quantum well infra-
red detectors.
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